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Disasters represent a major threat to sustainable development and will
continue to do so in the future [1]. Thus, reducing disaster risk and the asso-
ciated social, environmental, and economic impacts remains a global priority.
The Sendai Framework for Disaster Risk Reduction (SFDRR) emphasizes the
need to address underlying causes of disaster risk and to prevent theier Ltd. This is an open access
ons.org/licenses/by/4.0/).emergence of new risks, in addition to disaster preparedness. It is increasingly
recognized that conventional engineered (or “grey”) infrastructure measures
such as dykes, sea-walls, or groins, have shortcomings as they typically ad-
dress protection needs without addressing the underlying drivers of risk (cf.
[2,3]). Beyond their immediately designed purpose, grey infrastructures gen-
erally do not provide additional economic, environmental and social services.
They also tend to be expensive and usually lack an ability to self-adjust to the
consequences of changing conditions over time [4]. To account for these
evolving perceptions and practices, a hydraulic engineer for instance is in-
creasingly seeking collaborationwith other disciplines, such as ecology, econ-
omy, social and administrative sciences for innovative and acceptable
solutions. In other words design approaches are moving from a reactive
Fig. 1. Indicators on green infrastructure and ecosystems in the SFDRR (own ﬁgure).
1 We restrict ourselves to the usage of the term green infrastructure (GI), which in our per-
ception includes blue infrastructure. This is in line with da Silva and Wheeler [24], who pro-
posed to use the term GI over ‘natural’, ‘blue’, or ‘ecological’ infrastructure, because it is the
termmostwidely used and has been adopted in US and EU policies. In addition, it corresponds
to the terminology used in the Technical Guidelines of the SFM.
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one, optimizing on all functions and ecosystem services [4].
A solution that is being increasingly encouraged by the global research
and DRR communities is the investment in ecosystem-based approaches to
disaster risk reduction (Eco-DRR). Ecosystem-based solutions are relevant
to various dimensions of DRR: for example, they can help reduce social vul-
nerability due to their contribution to food and water supply [5]; as an im-
portant difference to grey infrastructure, green solutionsmay also attenuate
the hazard itself. For example, restored and maintained wetlands, such as
ﬂoodplains, marshes, peatlands and lakes help to increase rain inﬁltration
and thus reduce peak river discharge [6] but also buffer low-ﬂow situation
and thus water scarcity [7,8]. Finally, when ecosystems are protected or re-
stored along coastlines or riverbanks, they can act as a natural buffer to haz-
ard events and as such possibly reduce exposure to hazards [9,10].
With a growing number of Eco-DRR implementations, there is increasing
evidence for the effectiveness of these approaches for DRR. For example,
coral [11,12], and oyster reefs [13], seagrasses [12,14], sand beaches, dunes,
and barrier islands [15,16], mangroves [12,16,17], salt marshes [12,18,19],
and other wetlands [20] have been shown to contribute to e.g. shoreline stabi-
lization, erosion control orwave energy attenuation. Ecosystem-based solutions
can also protect grey infrastructure [21], thus reducing maintenance costs and
enhancing the sustainability of grey infrastructure.
As a result of their increasingly recognized relevance, ecosystems are
considered in the SFDRR in multiple ways such as in the description of
the Priorities for Action, in the Guiding Principles, Goals, and ExpectedOut-
comes. The SFDRR is clear about the crucial role ecosystems play in the
DRR context e.g. when the importance is stressed “[t]o encourage the use
of and strengthening of baselines and periodically assess disaster risks, vul-
nerability, capacity, exposure, hazard characteristics and their possible se-
quential effects at the relevant social and spatial scale on ecosystems, in
line with national circumstances” ([1], p. 14) as well as “[t]o strengthen
the sustainable use and management of ecosystems and implement inte-
grated environmental and natural resource management approaches that
incorporate disaster risk reduction” ([1], p. 15). However, ecosystems
have not been directly included in any of the Global Targets [1], making
more difﬁcult the monitoring of both ecosystem losses and damages and
the progress in implementing ecosystem-based measures [22]. Neverthe-
less, countries, that wish to monitor ecosystem related losses and measures
can still do so using green infrastructure (GI) solutions as entry points. The2monitoring of losses related toGI is possible under indicator C-5 ondirect eco-
nomic loss resulting fromdamaged or destroyed critical infrastructure (CI) at-
tributed to disasters and indicator D-4 on the number of other destroyed or
damaged CI units and facilities attributed to disasters in the Sendai Frame-
work Monitor (SFM). More speciﬁcally, indicators C-5 and D-4 are enriched
with a footnote, which states that “protective and green infrastructure should
be included where relevant” ([23], p. 39; Fig. 1).
While CI is deﬁned as the “physical structures, facilities, networks and
other assets which provide services that are essential to the social and eco-
nomic functioning of a community or society” ([23], p. 96), GI1 are “a strate-
gically planned network of natural and semi-natural areas with other
environmental features designed andmanaged to deliver a wide range of eco-
system services such as water puriﬁcation, air quality, space for recreation, cli-
matemitigation and adaptation, andmanagement ofwetweather impacts that
providesmany community beneﬁts” ([23], p. 96). The Technical Guidance for
the monitoring of the SFDRR provides support for the deﬁnition andmonitor-
ing of CI including relevant protective and green infrastructure as well as the
respective accounting methodology used for the indicator assessment [23].
In this context, GI is considered to be a sub-component of CI opening up the
opportunity to report on critical green infrastructure (CGI) losses – and to
broaden the classical understanding of CIs as “grey”. While this is clearly an op-
portunity, the terminology and its use in the SFDRR's Technical Guideline is not
straightforward. This is counterproductive to the promotion of GI in national
policies and procedures, especially in adjusting public infrastructure procure-
ment frameworks to favorGI. Further,while themonitoring of loss anddamage
caused by hazards is ensured by includingGI in the targets C andD, this neither
accounts for loss and damage caused by other anthropogenic activities, which
harms the DRR function of GI nor for the progress made towards achieving
the goals of the SFDRR by implementing ecosystem-based solutions.
In the following section, the example of wetlands is used to showcase
the role and functionalities of GI in the context of the SFM. We also reﬂect
on the shortcomings in terms of both monitoring losses and reporting on
progress. Finally, we suggest a practical yet scientiﬁcally grounded way to
2 https://www.london.gov.uk/sites/default/ﬁles/green_infrastructure.pdf.
3 http://www.stateforesters.org/sites/default/ﬁles/publication-documents/2016_State_
and_Private_Forestry_Report.pdf.
4 United Nations Conference on Housing and Sustainable Urban Development, Habitat III
Policy Papers: Policy Paper 8 Urban Ecology and Resilience (New York: United Nations,
2017), www.habitat3.org.
5 https://www.100resilientcities.org/prepared-future-greater-manchesters-journey-
emergency-preparedness-resilience/.
Fig. 2. Conceptualization of GI for the SFDRR. Own ﬁgure.
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and potential uptake.
2. Wetlands as critical and protective green infrastructure
Wetlands, such as areas of marsh, fen, peatland or water [25] provide a
great variety of ecosystem services [26,27]. For the purpose of the discussion
we focus on the services ﬂood protection and water puriﬁcation as these repre-
sent two different, yet important services in the context of the SFM.
Firstly, a wetland's water retention and ﬂow regulation capacity attenuates
the ﬂood magnitude which may result in reduced ﬂood impacts [26,28–30].
Thereby, the regulating ecosystem service alleviates or even prevents the haz-
ard itself. For example and speaking in general terms as many factors interact,
mangroves can reduce coastal ﬂood risk by reducing wind and swell waves;
storm surge ﬂood levels; the impacts of large waves and high wind speeds oc-
curring during major storms (cyclones, typhoons or hurricanes); tsunami
wave heights (depending on themagnitude of the event); limit coastalﬂooding
from coastal erosion and counter sea-level rise by soil level increase (depending
on sediment supply), thereby reducing loss of life and damage to property in
areas behind mangroves [16]. Degradation of mangrove forests reduces the
ecosystem services these ecosystems can provide, requiring the implementation
of grey infrastructure such as sea walls to replace the lost DRR functions.
Secondly, wetlands provide water puriﬁcation services whereby they
take up nutrients and pollutants, and thus contribute to freshwater supply
[26]. With this, the water puriﬁcation service of the wetland fulﬁlls similar
functions, as grey infrastructure for water supply and sanitation. In the ab-
sence of a wetland, a water treatment plant would be needed. In this case,
the wetland contributes to both hazard attenuation and the supply of fresh-
water (and with that so called societal basic services, as deﬁned in the
SFM), which helps to reduce vulnerability. In a more generalized way,
when aligning the ecosystem services with infrastructure functions, two
categories of GI emerge: i) Protective GI, which prevents or attenuates haz-
ards or exposure to hazards and ii) Critical GI, which ensures the supply
of basic services such as drinking water (Fig. 2).
The critical function of wetlands andmore generally GI in the context of
the SFM demonstrates the need for monitoring loss of and damage to GI
caused by hazards, which directly speaks to indicators C-5 and D-4 of
Global Targets C and D.
A disaster-related degradation of an ecosystem can be exempliﬁed based
on a case study in New Jersey. Ecosystem services provided by freshwater
wetlands were valued in 2006 in the frame of a natural capital accounting
in an area which was affected by Hurricane Sandy in 2012. This is one of
the few cases worldwide where there is a good baseline study available,
which was then complemented by a local study of ecosystem service losses
in the aftermath of Sandy. In 2006 the ecosystem services provided by the
freshwater wetland were valued as high as US$9.4 billion per year [28].
After the landfall of Hurricane Sandy in 2012, salt burning andmarsh dieback
caused by the storm surge led to the degradation of 34%of thewetlands [31].3This resulted in a 47% reduction of the ecosystem services value adding up to
US$4.4 billion in loss (ibid). The loss and degradation of wetlands has direct
implications for the progress towards achieving the SFDRR goals underlying
the importance to monitor loss and damage of GI and more generally ecosys-
tems [32,33]. Given that a baseline study was complemented with a study
after Sandy, including economic valuations, this case demonstrates an oppor-
tunity to report wetland loss and damage under B-5 and C-4 of the SFM.
However, GI and ecosystems in general are often prone to loss and degra-
dation driven by factors not related to hazards such as e.g. wetland loss by
urban sprawl, habitat change as an effect of damming, river redirection or/
and channelization, pollution, which either causes habitat loss or directly af-
fect their ability to provide those critical services e.g. by loss of redundancy,
functionality or biodiversity loss. This increases the vulnerability of these
areas to hazards due to loss of the regulation capacity. These aspects are cur-
rently not covered in the SFM but highlight the importance of the need to
monitor ecosystems in general and especially in the context of DRR.
3. Consequences for research and practice
The Technical Guidance for the monitoring of the SFDRR requires the
reporting member states to deﬁne critical, protective and GI as well as the
respective accounting methodology used for the indicator assessment in
the metadata [23]. The categorization in protective GI and critical GI
helps to showcase the relevance of ecosystems as exempliﬁed in the case
of wetlands. However, introducing new terminologies might lead to confu-
sion and add complexity. A literature search in the Scopus database (Decem-
ber 2018) showed that the terms ‘protective green infrastructure’ and
‘critical green infrastructure’ have only been used sporadically. A web-
based search of the two terms reveals similarly low number of results. For
example, critical GI was mainly attributed to natural areas in urban envi-
ronments and has been used in landscape planning contexts e.g. by the
Greater London Authority,2 in the context of the COST framework
(European Cooperation in Science and Technology) [34], or by the
Australian Institute of Landscape Architects. Furthermore, critical GI was
related to forestry, e.g. by the National Association of State Foresters and
the USDA Forest Service.3 However, the use of the term CI in the context
of GI is hardly related to the main use of the term in national security dis-
courses [35,36]. Protective GI is mentioned in the framework of urban, re-
gional, and coastal resilience strategies, e.g. in United Nations HABITAT III
policy,4 by The Rockefeller Foundation (100RC),5 or the U.S. National
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are used to some extent, overall, their use is sporadic and unsystematic.
Thus, suggesting the use of these terms would mean embarking on a termi-
nology not widely used in related science and practice communities.
Independent of the terminology, to date no country has reported on the
loss or damage of either ecosystems or GI in the SFM. We argue that indica-
tors D-4 and C-5 in the SFM and speciﬁcally the footnote, which allows for
the monitoring of GI, represent an opportunity but is not a very practical or
straightforward solution. Additionally, reporting on GI under indicators D-
4 and C-5 in the SFM mainly allows for tracking losses, yet do not provide
direct information on progress made in reducing risk. Custom targets and
indicators according to countries' needs within the SFM might be a more
practical opportunity to report on both losses and progress. Custom targets
and custom indicators according to countries' needs within the SFM might
open up a more intuitive way to report on both, ecosystem losses and prog-
ress made on Eco-DRR solutions. In practical terms this could mean that
wetland loss and damage could be directly reported formulating custom
targets and deﬁning respective custom indicators. This would also allow
for using existing data from ecosystem service assessments, ecosystem val-
uation, or strategic environmental impact assessments as shown in case of
the wetland example. A further coordination between entities collecting
data in the scope of national and international frameworks would also
allow one to reduce the monitoring load signiﬁcantly. For example, indica-
tor 6.6.1 of the SDG 6 tracks changes in extent of water-related ecosystems,
Target 8 of the Ramsar Convention aims at complete national wetland in-
ventories, and Aichi Target 5 of the Convention on Biological Diversity re-
lies on data to monitor the reduction rate of loss of all natural habitats
including wetlands. A country, which identiﬁes wetlands as an important
element of its DRR strategy could identify wetland restoration and protec-
tion as one of its custom targets, deﬁne respective custom indicators and
align the monitoring process with the other mentioned global reporting
processes or national goals and monitoring. This would constitute a more
straightforward monitoring option than the more difﬁcult to interpret D-4
and C-5 targets on critical infrastructure. However, setting additional, cus-
tom targets might add a burden to the monitoring efforts of countries and
need to be decided on a case-by-case basis.
We conclude that ecosystems can be considered well in the SFM in its
current conﬁguration butmore clarity in terminology and a clearer commu-
nication of these entry points would facilitate targeted monitoring action at
the country level. As an immediate action, an enhanced integration of avail-
able data collected for international frameworks such as SDGs, Ramsar Con-
vention, CBD's Aichi targets but also national forestry inventories, earth
observation data, etc. could boost data availability for the SFM. This
could be considered during the revision of the Technical Guidelines in
2019.
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